ABSTRACT: Chirality-induced spin selectivity (CISS), the effect of helical molecules acting as room temperature hard magnets that confer spin polarization to electrical current, is an intriguing effect with potential applications in nanospintronics. In this scenario, molecules that are paramagnetic as well as helical would introduce a new degree of freedom in the same nano-scale device that has not been explored so far. Here, in order to investigate this idea, we propose the preparation of self-assembled monolayers (SAMs) based on a helical lanthanide binding tag peptide (LnLBTC) on a ferromagnetic substrate. We confirmed room temperature spin filtering of LnLBTC SAMs by well-established electrochemical approach and by direct local spin transport measurements in solid state devices. The latter were studied by a common liquid-metal drop electron transport system, easily implemented for spin dependent measurements. Electrochemistry shows an averaged spin polarization (SP) of ~5% in presence of a saturation magnetic field (H = 350 mT) while local measurements performed in solid state showed a SP of ~50 20% thanks to the reduction of the contribution of pure electron transport in non-covered areas. Calculations showed that conduction electrons interact strongly with the coordinated lanthanide ion, meaning a fixed chirality-based spin filtering can coexist with a spin filtering that is dependent on the polarization of the magnetic metal ion. This opens the door to all-organic single-molecule memristive devices.
The discovery of the giant and tunnel magnetoresistance gave rise to Spintronics:
1,2 the use of the electronic spin in addition to the electronic charge in computing devices. When Chemistry allowed the extension of inorganic Spintronics into molecular Spintronics, researchers started to profit from the rich diversity of molecules to combine and improve the functional components of a spintronic device. Recent advances in the field have prompted the theoretical evaluation of various molecular families such as vanadyl dithiolates 3, 4, 5 , spin crossover complexes 6 ,7 , single molecule magnets 8 ,9 and DNA strands 10 . Chiral molecules are playing a singular role in this field since Naaman and others showed that the electronic transport along chiral diamagnetic molecules produces a net spin polarization of the current, the so-called Chirality Induced Spin Selectivity (CISS) 11 , and thus can behave as a molecular-based spin filter.
Since its discovery, the CISS effect has been studied in thin layers of diverse chiral molecular systems, ranging from Langmuir-Blodgett films of L-or Dstearoyl lysine 12 to self-assembled monolayers (SAMs) of polyalanine 13 , double-strand DNA 14 , bacteriorhodopsin 15, 16 and helicene molecules 17 . This phenomenon has been recently proposed: a) for the study of the role of spin in electron transfer through bio-systems 18 , b) to build spintronic logic devices based on organic ferromagnets at room temperature 19 , and c) as a spintronic magnetic memory which, including a ferromagnetic platelet, presents memristor-like behavior 20 .
We propose here a singularly promising system in CISS-based Biospintronics: the family of helical metallopeptides known as Lanthanide Binding Tags (LBTs), originally designed by Imperiali et al. to achieve high affinity for lanthanoid ions 21 ,22 ,23 ,24 ,25 . Recently, our group has shown that LBTs can be used as spin tags to open a promising playground in the field of molecular spin qubits 26 , thanks to the ease of preparing new structures with optimized properties by means of standard techniques of molecular biology. Furthermore, LBTs have also recently been used to obtain insight into the real-time interaction between the spin energy levels and the dynamics of the molecular structure. 27 LBTs are known to autonomously and robustly fold into a partially helical structure (310 helix), where one of the ligands directly coordinates the Ln 3+ ion through a carbonyl group belonging to a peptide bond. 21 Since current in peptides has been known to flow through the backbone chain, 28 some reciprocal influence between the spin polarization of the current and the spin orientation of the lanthanoid ion is to be expected. Depicted on the left, the magnet is pointing up then, Ni HOMO will be polarized spin up and Ni LUMO will be polarized spin down, and vice versa for the magnet pointing down, as depicted on the right. Independently of the magnet direction, right-hand helices always tend to spin-polarize moving electrons (current) in the direction antiparallel to the direction of their movement. For current flowing upwards through our right-handed SAM this means the majority current will be spin down; here we represent this as a larger spin-down density of states at the Au-SAM interface. For our experiments, this means that, when the magnet pointing down, the system is expected to conduct better, whether this means spin down electrons flowing upwards (extracted from the Ni HOMO) or spin up electrons flowing downwards (injected into the Ni LUMO).
Results and discussion

Sample preparation and experimental setups
Starting from the archetypal LBT sequences, 21 commercial peptide synthesis allowed the introduction of a cysteine at the end of the sequence to produce, in amino acid single-letter code, the YIDTNNDGWYEGDELC peptide (see Fig. 1a and 1b for the 3D structure), LBTC in short. This guarantees a strong Metal-S attachment between the biomolecule and a metallic electrode like Au or Ni. We prepared metallopeptide-based SAMs following a standard protocol and confirmed the self-organization of the TbLBTC on the surface (see SI sections S1-S5). Subsequently, we studied the spin polarization of SAMs of TbLBTC prepared on a ferromagnetic Ni electrode coated with a thin Au protective layer to minimize oxidation effects (Fig. 1c) . We performed the standard method of spin-dependent electrochemistry 29 ( Fig. 2a) and, as a solid-state alternative that allows local measurements, a magnetic field dependent charge-transport experiment involving liquid metal contacts using the Gallium Indium Eutectic alloy (EGaIn) (Fig. 3a) . This technique has been widely used in electronic current transport measurements through organic layers 30 and here we extended it to probe for CISS measurements.
Spin-dependent electrochemistry
Figure 2| Magnetic field-dependent electrochemistry. (a) Scheme of the setup, emphasizing the magnetization of the Ni layer under an external magnetic field (350 mT) and its influence on the empty and occupied density of states, as well as the expected CISS effect of the right-handed helical LnLBTC SAM. The setup includes a 5 mM K4Fe(CN)6/K3Fe(CN)6 solution as external redox probe (b) Spin-dependent cyclic voltammograms on LnLBTC modified Ni working electrode (4 cycles) recorded at 100 mV/s under an external magnetic field pointing "up" (solid red line) or "down" (solid blue line). Note that the cycles under a given magnetic field direction appear almost superimposed with each other which emphasize the robustness of the measurements. (c) Spin-dependent cyclic voltammograms on an unmodified Ni working electrode (4 cycles) recorded in the same conditions, scale and color code.
Spin filtering in LnLBTC probed by spin-dependent electrochemical measurements (Fig. 2a ) was employed to test whether the charge-transfer process is spin-selective. Spin-dependent cyclic voltammogram is a well-stablished technique that is useful to measure the spin-selective electron conduction. 29 Our measurements show an unequivocal difference between the voltammogram of the LnLBTC-modified Ni electrode (Fig. 2b) and the one of a bare ferromagnetic Ni electrode (Fig. 2c) . Namely, the current in the case of the bare Ni electrode was quasi-independent of the magnet direction, with the differences for each direction being comparable with the differences between each cycle. Across the LnLBTC sample the current density was higher with the external magnet pointing "down" compared to when it was pointing "up". Furthermore, one appreciates an anodic shift of ~45 mV in the oxidation potential of Ni/LBTC system (Fig. 2b) . We define the spin polarization (SP) as:
, where Jup, and Jdown stand for density current (Ji = Ii/Area) at specific potential when the Ni layer is magnetized "up", and "down", respectively. We obtained SP = -6.63 (± 0.2)% measured at +25 mV, and -4.8 (± 1.8)% at +420 mV (vs. Ag/AgCl). The negative sign means that electrons are transmitted with their spin orientation antiparallel to the direction of their movement, consistently with what was to be expected according to the right-hand helicity of the molecule. Here the direction of the movement of the electrons, and thus the spin polarization, is normal to the substrate plane (Ni/LBTC) as unequivocal probe of the surface modification with a more resistive layer.
We observe nonlinear spin polarization in LnLBTC at variable scan rates (100, 50, 20, 10, 5 mV·s -1 ) (Fig.  S7) . A maximum |SP| was observed (~6.97%) at 100 mV·s -1 , while a minimum (~1.3%) was obtained at 5 mV·s -1 . The square root dependence of the Faradaic current on the scan rate (Fig. S8, S9) indicates that the redox reaction is here limited by diffusion processes.
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As expected, blank experiments on bare electrodes demonstrated no dependence of the electrochemical signal with the orientation of the external magnet. (Fig. 2c, Fig. S10 ). Before performing any local spin-dependent measurements, in order to gain local information on the electron transport and to advance towards a setup that is closer to a practical solid-state device, we performed charge-transport studies using Au/TbLBTC//Ga2O3/EGaIn liquid contact junctions. For a higher statistical power, a total of 30 different junctions with areas ranging from ∼3200 to ∼12000 μm 2 were measured with around 16 intensity versus voltage (I-V) scans (between −500 and 500 mV) collected on each. As a reference, we carried out the same experiment on pristine gold electrodes incubated overnight in a buffered solution without TbLBTC. In the vast majority of the junctions (>90%) the chargetransport occurs through the SAM, with only a minority of short-circuits (SI section S6, Fig. S6a ). This is accompanied by a decrease in the current density J=I/Area of roughly three orders of magnitude as compared to the reference sample without TbLBTC log (|J/A·cm -2 |) = ~ -1 compared with log (|J/A·cm -2 |) = ~ 2 both measured at 0.15V.
Liquid metal EGaIn transport measurements
To estimate the energy offset ( o) between EF (Fermi energy) and the energy of the nearest transmission orbital, o = |E -EF|, we used a singlelevel model with Lorentzian transmission (NewnsAnderson model). 32 Fitting of the I-V curves up to ±500 mV yielded o = 0.68 ± 0.18 eV average value (a representative I-V curve and its fitting is shown in Fig. S6b ). This value is close to that measured using transition voltage spectroscopy (TVS). In order to measure the transition voltage (Vt), we collected additional I-V scans up to ±1000 mV. A FowlerNordheim plot reveals an average value Vt = 0.82 ± 0.10 V and o = 0.71 eV (SI Fig. S6c ). This information combined with the change in the absolute value of the electrode work function (Φ) due to the adsorbed TbLBTC SAM, ΦSAM = 4.62 eV (measured through a combination of Kelvin probe and ambient pressure photoemission spectroscopy, see Supporting Information section S8), led to the energy level alignment scheme of Au/TbLBTC//Ga2O3/EGaIn junction proposed in Fig. S12 .
In the next step, and in order to allow a local evaluation of the spin filtering effect, we proceeded to extend this experimental setup with the addition of a permanent magnet (350 mT) in close proximity to the sample (Fig 3a) . We measured from 6 to 22 consecutive I-V curves for a given drop size. From these data, we calculate the current density J vs. applied voltage V. The current density obtained at a given voltage is expected to be roughly constant in time. Once up to 6 non short-circuited I-V curves are gathered, the sample is displaced laterally with an XYZ-stage, where a new EGaIn drop is produced and the characterization is repeated all over again. To improve statistics, we repeated this process at least 10 times on randomly selected different parts of the film surface and collected at least 60 curves I-V for each sample. The range of measurement is -3.5 < log |J|< 0 measured at 0.15V, (with J in A•cm -2 ) on all samples. The experimental variation in the I-V curves collected for a given sample can be attributed to the presence of small local variation on thickness, roughness of structure and/or to imprecision on the estimation of the EGaIn drop diameter.
To validate our experimental setup, before measuring the TbLBTC SAM we characterized 2 additional devices based on SAMs of different molecules, including a well characterized chiral system as well as a diamagnetic analog of TbLBTC (see Fig. 3 and details in SI section S6). In particular, we employed the so-called Ala8 33 and YLBTC. Both for Ala8 and YLBTC ( Fig. 3b and 3c ), we observed a spin polarization in the electronic current comparable to the case of TbLBTC (Fig. 3d) . In the latter, the spin polarization was up to ~70%, with majority spins transmitted with antiparallel direction compared with their movement with respect to the direction normal to the substrate plane, close to typically reported values of 50% -60% for oligopeptides and DNA respectively. In all cases the sample is more conductive in the presence of a downwards magnetic field than the upwards field. This means that the results of spin polarization, discarding short-circuits, are of the same sign but of a larger order of magnitude compared with those obtained by the electrochemistry setup. This is a known effect: SP measured by local solid-state methods present an increase of about an order of magnitude in the spin filtering compared to these measured with electrochemical methods. This is explained by the major contact surface of the latter (about 1500 times larger), as has been reported for other oligopeptides presenting CISS.
34 EGaIn measurements confirm the results obtained by spindependent electrochemistry: the right-hand helicity of the TbLBTC can filter spin up electrons and therefore present CISS effect.
We have thus reported a local enhancement of the CISS effect in the current through a monolayer of chiral LnLBTC metallopeptides. Since previous works have shown that the CISS effect increases with the helix length, it shall be pointed out that for this system the molecular helix can be trivially lengthened merely by extending the peptidic sequence. In Troponin C (the parent protein to LBTC) the main helix within the structural motif extends for 8 turns (33 residues) in a helical structure. 35 ,
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Calculations on transport in presence of paramagnetic Ln
3+
Figure 4| Calculated spin filtering effect due to the paramagnetic Ln 3+ (a) Structure of the total region (including the electrodes) that has been used as model for the calculation. Note that the system has periodic boundary conditions in XY metal plane while no boundary is considered in the transport Z direction. (b) Calculated normalized transmission spectra at zero voltage, distinguishing between the transmission for spin-up current (red) and spin-down current (blue), using as a reference the polarization state of the f electrons in Ln 3+ . A sharp spin-down conduction peak near the Fermi level is marked with dashed line as the main conducting peak at low gate voltages.
To profit from the novel perspectives offered by this paramagnetic metallopeptide for spintronic designs, the remaining task is to study whether there is some reciprocal influence between the spin polarization of the current and the spin orientation of the lanthanide ion. Indeed, the LBTC structure would be adequate for this if the peptide backbone is the main conduction path, since LnLBTC includes direct coordination between the Ln 3+ and a carbonyl group belonging to a peptide bond. Experimentally verifying this mechanism would entail the independent control of the magnetic polarizations both of the current and of the lanthanoid ion, and presumably working at cryogenic temperatures and/or short time scales. Since this is beyond the scope of the present communication, we present here a theoretical estimation of the spin filtering due to the lanthanoid's spin and of the orbitals involved in the electronic transport.
As a first step, we performed structural relaxation calculations using the software SIESTA 37 . After this step we employed a non-equilibrium green function approach, using the code SMEAGOL 38 to obtain the transport properties of the junction (Fig. 4a , see SI section S9 for details). In our further theoretical exploration, we used the calculated Density of States (DOS) to then obtain the final transmission spectra normalized to the Fermi energy (E F ) shown in Fig. 4b . Here we found a small transmission peak at E-EF = -0.3 eV with a major peak around -1.0 eV, both providing a strong spin filtering. This is to be compared to the experimentally proposed energy level alignment scheme (Fig. S12 ) and an experimentally estimated |E-EF| = 0.7 eV.
In a second phase, we studied the Local Density of States at E-EF = -0.3 eV and confirmed that the nearest transmission orbital is indeed extended all over the peptide backbone (see Fig. S14 ). This means that this path strongly overlaps with the f magnetic orbitals of the lanthanide ion. In other words, the magnetic orbitals of the lanthanoid participate in the singly occupied molecular orbital (SOMO) transmission peak that appears at moderate voltages. Due to this uncommon feature, the effective exchange coupling is expected to be anomalously large. In fact, it is deemed to be within the typical range for lanthanide ions directly coordinated to organic radicals, that corresponds to a magnetic exchange coupling Jex=1-25cm −1 . 39 , 40 , 41 , 42 Considering the large values of lanthanoid magnetic moments, this translates into differences between the ferro-and antiferromagnetic states of the order of at least dozens of cm −1 . In other words, a difference of at least a few percent in the occupation of the lanthanide states with its spin aligned parallel or antiparallel to the polarization of the current. This is a two-way influence: for a given polarization of the current, consequently there will be a ground and an excited magnetic state of the lanthanoid having different populations at room temperature. At the same time for the different spin state of the lanthanoid the conductance will be different.
Outlook
The potential of LBT family as effective spin filtering units opening the possibility to include paramagnetic centers in the chiral backbone structure has been probed. For the development of this work, the implementation of the broadly used liquid metal drop electron transport setup for the evaluation of spin filtering effect in solid state system has been performed, facilitating the accessibility to this research area to a broader scientific community traditionally devoted to organic electronics.
We propose that our results open new prospects in terms of obtaining molecular memristive devices. Firstly, let us discuss how chiral molecules that are coordinating a magnetic ion could serve as molecular analogues to the setup formed by a spintronic magnetic memory deposited over a ferromagnetic electrode, which has been shown to be capable of memristive behavior. 20 The requirements for a molecule that can serve as centerpiece for this allorganic memristive setup would be: (i) Paramagnetism, which in principle means capability of spin filtering, acting by itself as a soft magnet; (ii) chirality, which in principle means capability of CISS acting by itself as a hard magnet; (iii) the interaction between these two effects in the same molecule; and (iv) processability, meaning the possibility to obtain the molecule not only in bulk but also in the nanoscale, for example as a SAM, enabling the obtention of an organic spintronic solid-state device. Among these requirements, (i) and (ii) are trivial for many systems and our calculations confirm (iii) in the case of LnLBTC, but (iv) is rather challenging and thus constitutes be the main result of the present manuscript.
The second key step to understand how an avenue to novel nanospintronics is opened by LnLBTC complexes requires thinking about the involved time scales. The transition between different low energy spin states in lanthanide complexes occur in the nanosecond timescale, meaning that the sign of the magnetic polarization of the lanthanide ion will be affected by the voltage history as long as one is operating at high enough frequencies (>1 GHz). Since the sign of the magnetic polarization affects the conductivity, this means that the conductance of the device effectively depends on the applied voltage history. In other words, the combination of a nonnegligible magnetic exchange with the CISS effect would produce a strong magnetoresistance that includes short-time memory effects. In such a setup, memristor-like nonlinear logic operations at low voltages under ambient conditions and room temperature would be expected. This opens the door to obtain an all-organic single molecule memristor. Further experimental exploration of LnLBTC complexes in a spintronic context is urgent. 
Methods
2+ /Fe 3+ solution in HEPES buffer was used as the redox mediator, and oxidation, reduction currents were monitored under an external magnetic field of 0.35 T applied underneath the LBTC modified ferromagnetic Ni working electrode (see more details in S7). Electron transport calculations. First-principles calculations are performed using the SMEAGOL code that interfaces the non-equilibrium Green's function approach (NEGF) to electron transport with density functional theory (DFT). In our simulations the transport junction is constructed by placing the polypeptide between two Au (111)-oriented surfaces. The exchange-correlation potential is described by the GGA (PBE) functional. The Au-valence electrons are represented over a numerical s-only single-ζ basis set that has been previously demonstrated to offer a good description of the energy region around the Fermi level. In contrast, for the other atoms we use a full-valence double-ζ basis set. Finally, the spin-dependent current flowing through the junction is calculated from the Landauer-Büttiker formula. Data availability. The data that support the findings of this study are available from the corresponding author on request. Author Contributions. 
S1 Preparation and structural characterization of a TbLBTC self-assembled monolayer (SAM)
-Tb-LBTC SAM on gold a substrate
We followed a simple immersion method as growth procedure to form self-assembled monolayers (SAMs) on a freshly cleaned Au substrate. This is the standard approach for the formation of alkanethiol SAMs on Au, and only minor modifications were introduced. Commonly, the solution of the molecule that will form the SAMs contains only the molecule and the solvent, however, due to the nature of the LBTC, it is necessary to control the pH of the media to assure its stability. This implies the use of aqueous buffered solutions where reducing agents as 2-mercaptoethanol are commonly added to avoid the oxidation of the thiol groups.
In order to be sure that the LBTC keeps its integrity during the assembling processes, we decided to use the standard solution with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) as buffer, but we were forced to substitute the 2-mercaptoethanol by a new reducing agent without thiol functional groups. The thiol group of the reductant can compete with the cysteine thiol group, which is expected to be bonded to the Au atoms in the assembling process on the metallic surface, hampering the formation of the peptide SAM. To avoid this competition, 2-mercaptoethanol was substituted by tris(2-carboxyethyl) phosphine (TCEP). This phosphine can keep the cysteine from forming di-sulphide bonds (oxidation problems), but it has not a special affinity for the Au surface. On the other hand, the use of TCEP can mean a different problem. When a metallic cation like Tb 3+ is added to the solution in order to form TbLBTC complex, the possibility of a chelating effect of the TCEP (three carboxylic groups), cannot be ruled out. To guarantee that LBTC coordinates the Ln 3+ cation when LBTC, TCEP and Ln 3+ ions are in the same solution, we worked always with and excess of the lanthanide.
Once we were sure about the stability of the TbLBT in solution, we proceeded with SAM formation and characterization. First, the gold substrate was cleaned and activated by freshly prepared "piranha solution" (composition: H2SO4:H2O2 (7:3, v/v); Caution: piranha solution is an extremely strong oxidizing agent and should be handled with special attention), then the substrate was cleaned with deionized water and dried under Ar. Subsequently, the substrate was incubated in a buffered TbLBTC aqueous solution (deoxygenated HEPES 10 mM pH 7.0, NaCl 100 mM, TbCl3 0.11 mM, TCEP 0.5 mM, LBTC 0.1mM) overnight. In order to remove non-chemisorbed material that could remain on the surface, the sample was introduced in DI water for two hours and copiously rinsed.
-TbLBTC SAM on a nickel/gold substrate A similar methodology than the one used with gold substrates was carried out for substrate with 200 nm of ferromagnetic nickel covered with 5 nm of gold. The only difference was that the piranha treatment was substituted by a H2 plasma treatment to avoid oxidation problems.
S2 Topography of the TbLBTC SAM
After the treatment, the topology of the functionalized substrate was studied by Atomic Force Microscopy (AFM). This analysis is necessary in order to be sure that there were not aggregates covering the surface. Their presence would mask the compositional information obtained by any surface technique. After functionalization, the roughness remains almost unchanged suggesting a homogeneous coverage, as can be seen in Figure S1 , where the topographic AFM images of a substrate functionalized with a TbLBTC SAM is compared with a reference sample (incubated overnight in a buffered solution without LBTC).
To determine the presence of TbLBTC on the gold surface matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) spectrometry and X-ray photoelectron (XPS spectroscopy) were performed (see sections S3, and S4. 
S3 Characterization of the TbLBTC-SAMs by Matrix-Assisted Laser Desorption/Ionization-Time of flight (MALDI-TOF)
MALDI is a soft ionization technique commonly used for the mass spectrometry analysis of bio-and large organic molecules. The spectrum shows charged fragments of the macromolecule that are obtained in the gas phase after ionizing the sample. Soft interactions like electrostatic ones between LBTC and Ln are easily broken during this ionization process, and only LBTC fragments (charge +1) are expected in the mass spectra. As shown in Figure S2 , the main fragment of the SAM appears at 1630, there are also two clear peaks at 1907 and 1929 (m/z). The peak at 1630 belongs to the fragment DTNNDGWYEGDELC and the peaks at 1907 and 1929 m/z correspond to the molecular weight of the LBTC and the LBTC with an additional Na + respectively. This result is in good agreement with a reference spectrum performed on solution, where the peak of the adduct LBTC-Na is visible. Thus, the MALDI-TOF result ensured the formation of the SAM, preserving the integrity of the molecule after its attachment on the Au surface. 
S4 Characterization of the TbLBTC-SAMs by X-ray photoemission spectroscopy (XPS)
X-ray photoemission spectroscopy (XPS) was used for elemental analysis of the TbLBTC SAM. XPS spectra clearly show the presence of Tb3d peaks (1277 and 1242 eV) denoting the signature of the lanthanide on the surface. The presence of the binding tag is also probed by S2p (162 eV, thiolate bonded to Au) and N1s (400 eV, amino groups) peaks ( Figure S3 ). 
S5 Coverage evaluation by means of Quartz Crystal Microbalance (QCM) Experiments
In this work, for a typical experiment, a freshly cleaned Au covered piezoelectric quartz crystal was immersed in a liquid cell where a flow of different liquids at controlled rates were pumped while the oscillation frequency of the crystal was continuously monitored. Several cycles of pure water and aqueous buffered solution were performed until the frequency was stabilized ( Figure S4 , water in red, buffer in green). Right after a buffered solution step, TbLBTC or LBTC solution was injected during ca. 60 min to ensure a constant frequency value ( Figure S4, polypeptide in blue) . Finally, a flow of the buffered aqueous solution was introduced to remove physisorbed TbLBTC or LBTC on the crystal. Sauerbrey's equation was used to estimate the relation between resonant frequency and mass loading of electrodes. 1 where f0 is the resonant frequency of QCM, Δf is the change in the resonant frequency of quartz microbalance due to the mass change (Δm) of electrodes, A is the active area, is the density and μ is the shear modulus of the quartz crystal provided by the manufacturer. To calculate the theoretical coverage of the surface two different models have been used that give rise to a range of coverage values: -Model A: the molecule is considered as a cube of 1.7 nm side in a square arrangement (maximum coverage = 1). -Model B: the molecule is considered a sphere which projection on the surface is a circle of 1.6 nm diameter, with a hexagonal compact arrangement, giving rise to a maximum coverage density of π/2√3 (ca. 0.9069). It is important to clarify that the molecular weights of the LBTC with or without Tb 3+ are not precise as the number and kind of counter ions and amount of coordinating water molecules are unknown. We have considered the simplest situation where protons compensate negative charges of the polypeptide, this means that the final coverages estimated are the highest values that can be expected. The coverage calculated from TbLBTC experiments are described in the main text, giving rise to a range of coverage between 80-116%. On the other side, in spite of the absence of lanthanide in the LBTC, its tertiary structure keeps its round shape (based on LBTC crystal structure), and the same theoretical shape can be estimated. As observed in Figure S4 , when LBTC is anchored on the electrode, the frequency shift measured is one third higher than for TbLBTC (ca. 30Hz vs 20Hz). This large value indicates a coverage between 145-189%. From the analysis of these results, we believe that when Tb complex is formed in solution, the globularlike structure remains unchanged while the thiol groups are attached to the gold and almost all the surface is covered. However, the large amount of material estimated when the Tb 3+ is not present in the solution, only can be justify by two different explanations: (i) intermolecular polypeptide-polypeptide interactions are stronger than intramolecular interactions forcing a less globular shape and permitting a more compact packing at the surface, or (ii) a second layer is formed on top of the first layer. From our point of view, the second option is less probable as there is no reason to think that a second layer can be formed with LBTC but it cannot with TbLBTC, so it should be observed in both cases. 
S6 EuGaIn measurements of SAM films
We measured the current (I) as function of the applied bias (V) of the junction formed by bringing a Gallium-indium eutectic liquid-metal drop into contact with the surface of the SAM using the gold film as bottom electrode. The area of the contact (A) was estimated from the diameter of the contact zone measured using a CCD camera. Data were recorded using a Keithley 6517B electrometer controlled with LabVIEW (National Instruments) and the ground was taken from the Eutectic Gallium Indium drop. Drop radius of around 0.035 cm were produced using a syringe. We measured 6 to 22 consecutive I-V curves for a given drop size. Next, the sample was displaced laterally with a xyz-stage, we produced a new Eutectic Gallium Indium drop and the whole measurements were repeated all over again. We repeated this process on different parts of the film surface and collected at least 60 I-V curves for each sample. Current density, J (J = I⁄A) histograms at a given voltage were calculated from the measured |I(±V)| values and the area of the contact determined with the CCD camera. The experimental variation in J histogram for a given sample can be attributed to the presence of small local variation on thickness, roughness or structure and/or to errors on the estimation of the drop diameter.
To confirm that the set-up works, we carried out the same experiment using a reference SAM widely studied for other techniques. The reference SAM was Ala8 that have the same right-hand helicity than TbLBTC. As shown in Figure 3 , the spin filtered was the spin down like it was for TbLBTC. In Ala8 we obtained a total spin polarization of SP ~-39%. Figure S10b) . In order to reveal the transition voltage (Vt), we collected additional I(V) scans up to ±1 V. However, a bias voltage above ±0.5 V resulted in the breakdown of 100% of the junctions after only few scans. The Fowler−Nordheim plot obtained from a I−V curve measured up to 1 V from the data before junction breakdown is displayed in Figure S6c . It was possible to estimate average Vt+ and Vt-values of 0.85 ± 0.11 V and -0.80 ± 0.08 V (that corresponds to o = 0.710 eV, γ = 0.010) consistent with the previously estimated parameters. The Fowler−Nordheim plot obtained from a I−V curve measured up to 1 V is displayed in Figure 3c . This information combined with the change in the absolute value of the electrode work function (Φ) due to the adsorbed TbLBTC SAM, ΦSAM = 4.62 eV, led to the energy level alignment scheme of Au/TbLBTC//Ga2O3/EGaIn junction proposed in Figure S12 . 
S7 Scan rate dependence and magnetic field dependence cyclic voltammograms of an unmodified working electrode
Room temperature spin-dependent electrochemical measurements were executed using an Autolab electrochemical work station (Model Autolab-128 N potentiostat/galvanostat) which was linked to a personal computer having Nova 2.1 program. A custom-built electrochemical cell was designed such a way that a permanent magnet can be placed underneath the working electrode and it can be flipped easily from "up" to "down" direction or vice-versa without affecting the set up. The cell was equipped with three electrodes was used for electrochemical measurements. SAMs modified or unmodified Au/Ni, Ag/AgCl (3M KCl), and cleaned Pt electrodes were used as working, reference and counter electrode, respectively. As the metallo-peptide is redox inactive, we used an external redox probe to monitor the spin-dependency on electro-chemical charge-transfer process. Prior to the voltammogram measurements, freshly prepared 5 mM K4Fe(CN)6/K3Fe(CN)6 solution in HEPES, 100 mM NaCl was deoxygenated in Ar for 30 min. Anodic, and cathodic currents as a function of the scan rates and square roots of the scan rates are for SAMs electrode and bare electrode are depicted in Figure S8 , and Figure S9 , respectively. Scan rates dependence voltammograms were recorded on bare working electrode in presence of magnetic field direction "up", and "down" ( Figure S10 ). Note that the spin polarization mentioned here are the averaged measurements of three independent batches which ensure existence of spin-filtering in metallopeptide. 
S8 Kelvin probe and ambient pressure photoemission spectroscopy measurements
Kelvin Probe and Ambient Pressure Photoemission Spectroscopy (APS) were measured using an APS02 system by KP Technology. The system has a Kelvin Probe with a 2 mm metal tip enabling a work function resolution of 1-3 meV. The setup includes a dual-mode APS unit to measure the absolute work function of a material with an excitation range of 3.4 eV to 7.0 eV. The absolute work function of a cleaned bare gold (ΦAu) was estimated by linear extrapolation of a plot of the square root of the photoemission yield as a function of energy (eV), and was found to be 4.96 eV.
Figure S11: APS spectrum of the reference bare gold surface. The work function is estimated by extrapolation of the linear part of the photoemission (square root).
Then, the variation in the contact potential difference (CPD) between a bare gold and a TbLBTCfunctionalized gold sample were used to estimate the absolute work function of the gold in the presence of the TbLBTC SAM (ΦSAM). The CPD for the gold and SAM-functionalized gold were found to be 0.322 ± 0.026 meV and -0.018 ± 0.017 meV, respectively. In order to estimate ΦSAM = ΦTip + CPDSAM (where ΦTip, is the work function of the KP tip), we measured ΦTip = ΦAu -CPDAu. = 4.64 eV. Hence, ΦSAM was estimated to be 4.62 eV. Similar shifts in work function have been described before for the grafting of thiols on gold. 2 This information combined with the charge-transport measurements performed in the Au/TbLBTC//Ga2O3/EGaIn junction, led to the energy level alignment scheme shown in Figure S12 . 
S9 Charge transport calculations on LnLBTC between two gold electrodes
First-principles calculations are performed using the SMEAGOL code that interfaces the non-equilibrium Green's function (NEGF) approach to electron transport with the density functional theory (DFT) package SIESTA.
In our simulations the transport junction is constructed by placing the polypeptide between two Au (111)-oriented surfaces with 7x7 cross section. This mimics a standard transport break-junction experiment with the most used gold surface orientation. The choice of a gold electrode arises from the stability of the sulfurgold bond that ensures the best attachment between the cysteine and the Au surface. The initial S-surface distance was set to 2.0 Å with the S atom located at the 'hollow site', the most stable absorption position discussed in literature. Thus, the entire structure is then relaxed until the maximum atomic forces are less than 0.01 eV/Å. A real space grid with an equivalent plane wave cutoff of 200 Ry (enough to assure convergence) has been used to calculate the various matrix elements. During the calculation the total system is divided in three parts: a left-hand side lead, a central scattering region (SR) and a right-hand side lead. The scattering region contains the molecule as well as 4 atomic layers of each lead, which are necessary to relax the electrostatic potential to the bulk level of Au. Due to internal limitations of the code, Gd 3+ derivative was used instead of Tb 3+ . This is possible because: a) chemically they are typically indistinguishable and b) neither Gd 3+ nor Tb 3+ are reduced nor oxidized at reasonable voltages. Additionally, thanks to the periodic boundary conditions, the calculation simulates the relaxation of the entire SAM over the metallic substrate. The obtained structure was used for all remaining calculations.
The convergence of the electronic structure of the leads is achieved with 2x2x128 Monkhorst-Pack k-point mesh, while for the SR one sets open boundary conditions in the transport direction and periodic ones along the transverse plane, for which an identical k-point mesh is used (2x2x1 k-points). The exchangecorrelation potential is described by the GGA (PBE) functional. The Au-valence electrons are represented over a numerical s-only single-ζ basis set that has been previously demonstrated to offer a good description of the energy region around the Fermi level. In contrast, for the other atoms (C, O, N, H and Gd) we use a full-valence double-ζ basis set. Norm-conserving Troullier-Martins pseudopotentials are employed to describe the core-electrons in all cases. Finally, the spin-dependent current, Iρ, flowing through the junction is calculated from the Landauer-Büttiker formula, where the total current Itot is the sum of both the spin-polarized components, Iσ being figure S13) show the typical displacement of the valence bands to lower energies, meaning that, in absence of a gate voltage, higher bias voltages are needed to achieve favorable conduction channels.
With this result it is possible to probe the implication of the electrode orbitals on the conduction channels. (see Fig. S14 ) This, with the DOS analysis, and considering the width of the peaks as an indication of the interaction, makes possible to conclude that the hybridization between Au and the GdLBTC biomolecule is very low. This behavior coincides with the previous calculations on thiol-based attachments performed by some the authors. Figure S14. Local Density of States at the main conducting peak energy, serving as a visual guideline of the electron path. Most of the density is located in the π orbitals of the peptide amide bonds, presenting a rough helicoidal shape.
